Purpose. The aim of this study was to evaluate the impact of training with added respiratory dead space volume (ArDSV) on changes in a breathing pattern and cycling efficiency. Methods. Twenty road cyclists were equally divided into an experimental (E) and control (C) group. All of them were involved in a training program that included endurance training (at moderate intensity) and interval training (at maximal intensity). During semi-weekly endurance training, ArDSV (1000cm 3 tube) was introduced in the experimental group. respiratory parameters, including, among others, oxygen uptake (VO 2 ), carbon dioxide excretion (VCO 2 ), end-tidal partial pressure of carbon dioxide (PETCO 2 ), pulmonary ventilation (VE), tidal volume (TV) and total work done during the tests (W), were measured before and after the experiment by a progressive and continuous test. Results. Higher PETCO 2 and TV in both groups during the progressive and continuous tests were observed. VCO 2 increased in group E during continuous test, while for group C only in the first four minutes of the test. VO 2 and VE increased only in group E during submaximal and maximal exercise. Total work increased during the continuous test in both groups (significantly higher in group C than E). However, total work during the progressive test increased only in group E. Conclusions. Training with ArDSV improved exercise capacity at maximal effort and was associated with an increase in maximal oxygen uptake. On the other hand, this type of training lead to a decrease in cycling efficiency, reducing in effect the benefits associated with an increase in VO 2 max and reducing the ability to perform submaximal effort.
Introduction
Cardiorespiratory efficiency is determined not only by the amount of oxygen supplied and used (maximal oxygen uptake) by the cardiovascular system but also by the efficiency in removing excess carbon dioxide [1, 2] . Some researchers believe that pulmonary ventilation may limit maximum performance during aerobic exercise. An increase in pulmonary ventilation during exercise allows the lungs to adjust the partial pressure of carbon dioxide in the arterial blood (P a CO 2 ), while the respiratory system helps control the hydrogen ion concentration in extracellular fluids [3] . However, reduced pulmonary ventilation causes an excessive increase of P a CO 2 in the blood during effort, where increased P a CO 2 levels are associated with greater blood and tissue acidosis [4] . A simultaneous increase in the partial pressure of carbon dioxide and decrease in blood pH is known to adversely affect muscle contractile properties and metabolism (by limiting enzyme activity), contributing to fatigue [2, 5] . As a result, high levels of P a CO 2 may indicate an insufficient increase in lung ventilation during effort and therefore limit the ability for maximal exercise. This may be due to mechanical respiratory constraints when reaching the upper limit of peak expiratory flow such insufficient respiratory muscle strength or even reduced chemoreceptor responsiveness. On the other hand, lower ventilation is also connected with decreased respiratory muscle work and may be the cause of decreasing blood flow to the respiratory muscles while increasing blood flow (by about 10%) to limb muscles. Such a mechanism may delay the onset of fatigue [4] . P a CO 2 can be measured noninvasively by sampling end-tidal partial pressure of carbon dioxide (P ET CO 2 ) [4, 6] . In most cases, the resting value of P ET CO 2 is slightly lower than PaCO 2 as decreased blood flow distribution in the lungs causes alveolar partial pressure of carbon dioxide to be lower than arterial partial pressure of carbon dioxide. However, P ET CO 2 is higher than P a CO 2 at submaximal or maximal effort, causing an increase in pulmonary blood flow and an increase in the delivery rate of carbon dioxide (CO 2 ) to the lungs [7, 8] . During effort, the difference between P a CO 2 and P ET CO 2 is mainly connected to respiratory rate, as the amount of expired CO 2 does not plateau. Therefore, for a given value of alveolar CO 2 , P ET CO 2 is higher while the breathing frequency is lower [4] . According to benallall and busso [8] , the difference between P a CO 2 and P ET CO 2 during exercise is influenced by both respiratory rate and tidal volume, where the greater the volume and respiration rate, the greater difference between these two measures. Additionally, a high value of P ET CO 2 may indicate high cardiovascular and ventilation efficiency. As a result, P ET CO 2 can serve as a marker that combines measures of performance and ventilation efficiency although it cannot be regarded as an independent physiological variable [4] .
In order to improve the efficiency of the gas exchange system and respiratory muscles, techniques such as specific inspiratory or expiratory muscle training or hyperpnoea training have been introduced [9] [10] [11] [12] . Several authors reported that these methods improve breathing efficiency by increasing tidal volume while decreasing respiratory rhythm, resulting in a decrease in submaximal and an increase in maximal ventilation efficiency [9, 13, 14] . Furthermore, increased respiratory muscle strength following inspiratory training may contribute to a reduction in relative tension during submaximal exercise [14, 15] . A study by the present author also found that increasing dead space tidal volume as one form of respiratory training showed increases in pulmonary ventilation (VE) and respiratory tidal volume (TV) [16] . As it was not known whether the observed changes in the breathing process affected the efficiency of carbon dioxide removal, it was assumed that the increase in TV reduced P ET CO 2 .
Therefore, the aim of this study was to evaluate the impact of inspiratory training with added respiratory dead space volume on the breathing pattern, amount of exhaled carbon dioxide, and cycling efficiency. It was hypothesized that a change in breathing pattern, characterized by an increase in TV, would enhance work efficiency.
Material and methods
The study involved a 20-person group of road cyclists (all men) who were training together. The participants were evenly divided into an experimental (E) and control (C) group. before the experiment, no statistically significant differences were noted between the experimental and control groups for mean values of age (E = 16.5 ± 0.5 y, C = 17.1 ± 0.7 y), body height (E = 180.6 ± 3.8 cm, C = 180.2 ± 4.4 cm), body mass (E = 70.4 ± 5.4 kg, C = 69.4 ± 7.2 kg), and maximal oxygen uptake (E = 64.4 ± 4.6 ml · kg -1 · min -1 , C = 64.2 ± 4.7 ml · kg -1 · min -1 ) and work capacity (C = 285.4 kJ ± 41.8, C = 274.9 ± 30.9 kJ) during a progressive cycloergometer test.
The study was approved by the Ethics Committee of the University School of Physical Education in Wroclaw, Poland and carried out in accordance with the Declaration of Helsinki. Additionally, all participants provided their written informed consent prior to testing.
The experiment lasted 10 weeks during which the participants continued their existing training program that involved both aerobic and anaerobic cycling exercises. Three types of training were employed: (1) interval training consisting of 40-second repetitions at maximum intensity followed by six minutes of active recovery by exercising at a low intensity (50-60% maximum heart rate, Hrmax), (2) high intensity interval training consisting of alternating exercise, where five minutes was performed at maximum intensity (95-100% Hrmax) followed by fifteen minutes of medium-intensity exercise (65-70% Hrmax), and (3) steady-state endurance training performed at 70-80% Hrmax. Throughout each training session heart rate was monitored using a S810 heart rate monitor (Polar Sports, Finland). One type of training was employed once a day in the order provided and was then followed by a day of rest (i.e., first day interval training, second day high intensity interval training, third endurance training, a day of rest, and the next day again interval training, etc.). Each daily training session lasted 120 to 150 min.
An apparatus increasing respiratory dead space was introduced in the experimental group. It consisted of a mask with a 1000 cm 3 tube worn over the mouth, forcing the inhalation of additional atmospheric air and thereby diluting the amount of exhaled air left in the mask and tube after each previous exhalation. This device was used only when the experimental group performed endurance training (therefore every fourth day during the 10-week period). The control group performed the same exercises as the experimental group but without any modification to their breathing pattern.
Each participant was subjected to two physiological exercise tests prior and after the 10-week experiment. The first was a progressive test (incremental load) whereas the second was a continuous test performed at constant load. The tests were separated by an interval of one week with the progressive test being the first performed. During the tests, the experimental group did not use the apparatus for increasing respiratory dead space volume.
The exercise tests were performed in laboratory conditions at the Exercise Laboratory at the University School of Physical Education in Wroclaw, Poland (PN-EN ISO 9001:2001 certified).
The progressive test was performed on an Excalibur Sport cycle ergometer (Lode b.V., Netherlands), which was calibrated before each test session according to manufacturer's instructions. The test began at a load of 50 W, which was increased by 50 W every three minutes until the participant reached exhaustion. The cycle ergometer was controlled with a computer program that also registered instantaneous power, time, and speed and used these values to calculate the total work done during the test. Measurement of respiratory parameters began two minutes before the test and continued for five minutes after it was completed (after reaching exhaustion) and included: oxygen uptake (VO 2 ), carbon dioxide excretion (VCO 2 ), end-tidal partial pressure of carbon dioxide (P ET CO 2 ), pulmonary ventilation (VE), tidal volume (TV), and breathing frequency (bF). Measurement was performed by having the participants wear a mask connected to a Quark b² gas analyzer (Cosmed, Italy). The gas analyzer was calibrated before each test with a reference gas mixture of: CO 2 -5%, O 2 -16%, and N 2 -79%. Oxygen consumption and oxygen consumption per kilogram of body mass were calculated for each participant HUMAN MOVEMENT based on the composition of exhaled air and pulmonary ventilation.
The continuous test was also performed on the Excalibur Sport cycle ergometer. A 10-minute warm-up on the ergometer preceded the test, during which the load for each participant was chosen so that heart rate did not exceed the anaerobic threshold (defined during the progressive test). The test was performed at a constant load of 85% of maximal aerobic power and continued until exhaustion. Maximal aerobic power was treated as the value at which maximum power was produced for at least 90 seconds during the progressive test. Exercise was performed at a self-selected pedal frequency. The computer program controlling the cycle ergometer modulated the workload in response to changes in pedaling frequency. The same respiratory parameters (VO 2 , VCO 2 , P ET CO 2 , VE, TV, and bF) as in the progressive test were measured, following the exact same method. Oxygen consumption and oxygen consumption per kilogram of body mass was then calculated based on the composition of exhaled gas and pulmonary ventilation.
respiratory parameters (VO 2 , VCO 2 , P ET CO 2 , VE, TV, and bF) were measured breath by breath. For later analysis, the parameters recorded during progressive test were averaged over 60-second periods. Measures of VCO 2 and P ET CO 2 during the continuous test were also averaged over 60-second periods, while VO 2 , VE, TV, and bF were averaged in the steady-state phase (5 th -10 th minute of the test). In addition, a new variable was introduced measuring the percentage of maximal oxygen uptake (%VO 2 max) by the formula [VO 2 /VO 2 max × 100%] and also calculated in the steady-state phase. Only data up to the 10-minute mark during the continuous test were analyzed as some of the participants were unable to continue exercising after this point.
Statistical analysis was performed using Statistica ver. 10.0 (Statsoft, Poland). The arithmetic means and standard deviations of all measured parameters were calculated. Statistical significance was determined using Student's t test for all dependent variables. The level of statistical significance was set at p < 0.05. Student's t test was also applied to determine the significance of differences between groups.
Results
End-tidal partial pressure of carbon dioxide (P ET CO 2 ) significantly increased during the continuous test in the experimental group between the 2 nd and 10 th minute of the test and in the control group at the 3 rd and 4 th minutes, and between the 6 th and 10 th minute of the test (Fig. 1) . In the progressive test, P ET CO 2 values increased in both groups, with statistically significant differences in the experimental group observed at a load of 250-350 W and in the control group at 300-350 W (Fig. 2) .
The amount of carbon dioxide excreted (VCO 2 ) significantly increased upon conclusion of the experiment -arithmetic mean, SD -standard deviation, W -total work done, VO 2 max -maximal oxygen uptake VEmax -maximal pulmonary ventilation, TVmax -maximal tidal volume, bFmax -maximal breathing frequency * difference before and after experiment at p > 0.05 Figure 5 . VCO 2 measured at maximum load for the experimental (E) and control (C) groups during the progressive test before and after the experiment -arithmetic mean, SD -standard deviation, W -total work done, VO 2 -mean oxygen uptake %VO 2 max -mean percentage of maximal oxygen uptake, VE -mean pulmonary ventilation TV -mean tidal volume, bF -mean breathing frequency, * difference before and after experiment at p > 0.05 in each minute of the continuous test in the experimental group. In the control group, a significant increase was observed only between the 1 st and 4 th minute of the continuous test (Fig. 3) . However, during the progressive test, VCO 2 significantly decreased at a load of 350 W and significantly increased at 400 W and also at maximum load (power) in the experimental group, while no statistically significant differences for VCO 2 were observed in the control group (Fig. 4 and 5) .
After the experiment, only the experimental group in the progressive test featured significantly increased values for total work done, maximal oxygen uptake, and maximal pulmonary ventilation. Maximal tidal volume (TVmax) was found to significantly increase in both groups after the 10-week period, whereas maximal breathing frequency (bFmax) significantly decreased only in the control group (Tab. 1).
The total work done in the continuous test was found to increase in both groups. In the experimental group, increased values were observed for pulmonary ventilation and tidal volume while breathing frequency decreased. The control group featured an increase in tidal volume with a decrease in breathing frequency (Tab. 2).
Discussion
A gradual rise in P ET CO 2 is frequently observed during exercise of increasing intensity, reaching its maximum value at the beginning of respiratory compensation for lactic acidosis after which it slightly decreases and continues to do so until maximum effort is ceased. rarely has P ET CO 2 been observed to continue to increase until the cessation of exercise [7] . According to Yano et al. [17] , the same can be seen during exercise performed at a constant intensity (70% of maximal oxygen uptake), with P ET CO 2 first increasing and then decreasing. Similarly, the present study also found an initial increase and then decrease in P ET CO 2 in both the progressive and continuous tests. These changes are associated with a buildup of carbon dioxide, whose concentration rises for a few minutes and then plateaus as exercise is continued or even decreases due to increased pulmonary ventilation [2, 17] .
In a study on individuals with chronic heart failure, it was found that a reduction in maximal P ET CO 2 values was correlated with a decrease in maximal oxygen uptake during incremental exercise [7] . In the present study, measures of maximal P ET CO 2 during the progressive test were found to have increased after the 10-week period in both the experimental and control groups. However, significant increases in maximal oxygen uptake and total work were observed only in the experimental group.
Thus, it is quite probable that other factors than P ET CO 2 contributed to the rise inVO 2 max in the experimental group. It is believed, in the case of conditioned athletes, that the most important exogenous agent that improves VO 2 max is high-intensity training [18] . However, in our study where exercise intensity was monitored using heart rate monitors (i.e., they performed the same intensity training), no significant differences were found in the results between the experimental and control groups. Therefore, further studies are needed to help explain how training with added respiratory dead space volume increases exercise capacity at maximum aerobic effort.
According to bussotti et al. [4] , individuals with very low exercise P ET CO 2 (and therefore likely low P a CO 2 ) have lower exercise efficiency, as evidenced by high submaximal oxygen uptake and also exercise acidosis levels. In such cases, the authors observed a specific breathing pattern characterized by high pulmonary ventilation due to increased breathing frequency, which provoked an increase in physiological dead space and the amount of work performed by the respiratory muscles.
In the present study, P ET CO 2 measured during the continuous test increased in both groups, although the control group reached higher P ET CO 2 values than the experimental group after the 10-week period. The experimental group presented higher oxygen consumption and pulmonary ventilation levels during the test than before the experiment as well as higher values than those of the control group. These results indicate that training with added respiratory dead space volume caused deterioration in exercise efficiency and could have mitigated the economizing effects on their endurance training.
However, increases in pulmonary ventilation are due to tidal volume and not to an increase in breathing frequency. High pulmonary ventilation with high tidal volume and low breathing frequency is considered to be desirable, as it reduces physiological dead space and is less taxing on the respiratory muscles [4] . Our results indicate that the control group performed more total work during the continuous test despite a smaller change in tidal volume. The gains, in view of the increases in the maximal respiratory parameters, the experimental group achieved in the progressive test were reduced in the continuous test probably due to a decrease in exercise efficiency. This is the most likely explanation why this group showed less dramatic improvements in the total work done than the control group. It also can be deemed that the change in the experimental group's breathing pattern did not lead to improved efficiency.
Anderson et al. [19] believe that breathing characterized by a reduction in breathing frequency with a simultaneous increase in tidal volume, triggering an increase in pulmonary ventilation, results in a reduction in end-tidal carbon dioxide tension. These authors suggest that lower P ET CO 2 may indicate higher ventilation efficiency. Then again, it is necessary to overcome the elastic forces of the lungs and chest wall, hence the increase in tidal volume above critical volume is associated with increased respiratory function [20] . This may be the reason explaining the lower performance of the experimental group, although this issue requires further investigation.
Exercise performed with added respiratory dead space volume from 0.2 to 2 liters and exercise performed with some form of breathing restriction, such as swimming or diving, is known to cause hypercapnia, or an increase in the partial pressure of carbon dioxide in arterial blood [5, [21] [22] [23] [24] . This drop in the chemical balance of the system irritates chemoresponsive areas within the cardiovascular system. As a result, pulmonary ventilation increases through an increase in tidal volume [23, 24] and an increase in breathing frequency [25] . It was proven that ventilation increases as P ET CO 2 rises and that ventilation is constant below a given P ET CO 2 level -creating a ventilatory threshold in relation to P ET CO 2 [26] . The present study observed an increase in P ET CO 2 and VCO 2 during exercise that was accompanied with an increase in pulmonary ventilation. This may have been caused by changes in chemoresponsive sensitivity. In the literature on the subject, it was shown that prolonged or frequent environmental exposure to re-inspiring expired air affects the hypoxic ventilatory response, or the increased respiratory response to changes in oxygen tension in exhaled air. This is characterized by a greater increase in pulmonary ventilation during the initial phase of hypoxia [27] [28] [29] . In the present study, it is possible that the experimental groups' sensitivity to CO 2 and hydrogen ions changed due to training with increased respiratory dead space volume. Such conditions could provoke an increase in the partial pressure of carbon dioxide and a decrease in blood pH levels even at exercise performed at the same intensity (in terms of power) [30] . These are factors that, similar to changes in the partial pressure of oxygen, may irritate the cardiovascular system's chemoreceptors.
Conclusions
Training with added respiratory dead space volume caused a drop in exercise efficiency, thereby reducing the benefits of an increase in maximal oxygen uptake and reducing the ability to perform submaximal exercise.
When performing maximal exercise (such as during a progressive test) that includes high intensity anaerobic efforts, training with added respiratory dead space volume increases exercise capacity by increasing maximal oxygen uptake.
